MATERIAL AND METHODS
Our preliminary study of Site 525 at 1-1.5 m sample intervals revealed a continuous sediment record with well-preserved, little recrystallized foraminiferal tests, and little evidence of dissolution in all but one sample (Li and Keller, 1998) . However, the similarity of the oxygen isotope records from DSDP Sites 525 and 463, and ODP (Ocean Drilling Program) Sites 690 and 689 (Stott and Kennett, 1990; Barrera, 1994; Barrera et al., 1997) indicates that original climatic signals are preserved.
We resampled the last 2 m.y. of the Cretaceous at Site 525 (Cores 40-41) every 10 cm (~10 k.y.), except for section 6 of Core 40, which was not recovered. Age estimates are based on the time scale of Cande and Kent (1995) . Biostratigraphic zonation is based on the zonal scheme of Li and Keller (1998) , with Zones CF1-2 and CF3 forming the upper part of the Abathomphalus mayaroensis Zone. Stable isotopes were measured on about 20-30 specimens of the surface-dwelling planktic foraminifer Rugoglobigerina rugosa, and the benthic foraminifer Anomalinoides acuta from the 150-250 µm size fraction and fine fraction (<38 µm). A total of 160 samples were analyzed for stable isotopes at Princeton University with a VG Optima gas-source mass spectrometer equipped with a common acid bath. To test analytical precision, standard calcite samples were spaced throughout the run and these yielded an average precision of 0.04‰ for δ 18 O and 0.02‰ for δ 13 C. All isotopic results were calibrated to the PDB (Peedee belemnite) scale. Paleotemperature estimates are based on the equation by Erez and Luz (1983) , with a value of -1.2‰ for seawater δ 18 O for a largely ice-free world (Shackleton and Kennett, 1975) .
RESULTS

Oxygen Isotopes
High-resolution stable isotope records reveal relatively stable δ 18 O signatures between 66.8 and 65.6 Ma (Fig. 1) (Fig. 2) . The major intermediate-water warming was marked by three steps (TS2a-TS2c, Fig. 2 ): Between 65.45 and 65.32 Ma (TS2a, n = 13), there was an abrupt 2.2°C rise to a plateau averaging 12.3°C; between 65.32 and 65.24 Ma (TS2b, n = 9), IWT reached maximum temperatures averaging 13.1°C; and between 65.24 and 65.11 Ma (TS2c, n = 12), the IWT decreased to an average of 12.3°C. Similarly pronounced changes are not observed in the SSTs, which generally show higherfrequency variations, particularly during the transition phases (TS2a and TS2c). Nevertheless, averaged SSTs indicate a slight warming between TS1 and TS2a from 15.0 to 15.2°C, followed by another 0.5°C warming in TS2b, and subsequent cooling of 0.9°C in TS2c (Table 1, Fig. 2 ). During the last 100 k.y. of the Maastrichtian, the SST and IWT decreased to averages of 14.3 and 11°C, respectively. During the warm pulse (65.45 and 65.11 Ma), the ∆t averaged 2.7°C as compared to 4.9°C in TS1 and 3.3°C in TS3 (Fig. 2) .
Carbon Isotopes and Surface-to-Deep δ 13 C Gradient
At Site 525, benthic and planktic δ 13 C values show similar trends and generally covary, though with slightly greater fluctuations recorded in planktic values (Fig. 1) . Between 66.8 and 65.6
Ma, benthic and planktic δ 13 C values decreased gradually by 0.25‰ and 0.5‰, respectively, and the ∆δ 13 C values gradually decreased with an abrupt decrease of 0.25‰ at 65.55 Ma (Fig. 1) . During the last 300 k.y. of the Maastrichtian, benthic and planktic values increased by 0.7‰ and 0.5‰, respectively; most of this increase was during the last 100 k.y. accompanied by a 0.5‰ decrease during the last 40 k.y. of the Maastrichtian (Figs. 1, 2 ). These data suggest only a minor decrease in surface productivity at 65.5 Ma, and a more significant decrease during the last 40 k.y. of the Maastrichtian.
However, the opposite signal is found in the measured fine-fraction δ 13 C values for the last 40 k.y. of the Maastrichtian, which show a decrease of 1‰ and hence indicate more strongly reduced surface productivity (Fig. 2) . Because the carbonate fine fraction (<38 µm) consists primarily of calcareous nannoplankton, it is possible that primary productivity was significantly reduced in this group, but not in the surface dwelling planktic foraminifers prior to the K-T boundary. Contradicting this interpretation is the absence of increased dissolution and constant high CaCO 3 values that suggest that there was no major overall change in the rate of CaCO 3 production in surface waters prior to the K-T boundary.
DISCUSSION
Paleoclimate
Relatively cool though fluctuating late Maastrichtian (66.85 and 65.52 Ma) temperatures averaging 9.9°C in IWT and 15.4°C in SST are indicated at the middle latitude South Atlantic Site 525 (Figs. 1, 2 ). This relatively cool period was interrupted by a short-term warming that increased IWTs from 10.1°C to a maximum of 13.3°C between 65.55 and 65.30 Ma. This maximum warm pulse was followed by a 2-3°C cooling during the last 100-200 k.y. of the Maastrichtian. In contrast to the pronounced IWT warming, SSTs are more variable and reflect high climatic variability during the transition phases, though the average SST increased only by 0.5°C during the maximum IWT warming (TS2b, Fig. 2) .
However, surface temperatures only increased significantly in the southern and northern high latitudes, where they were accompanied by the incursion of subtropical planktic foraminifera (Huber and Watkins, 1992; Schmitz et al., 1992; Keller, 1993; Keller et al., 1993) . The significantly increased SST previously observed in the δ 18 O record at Site 525 based on low sampling resolution (1-1.5 m; Li and Keller, 1998) was not confirmed at the 10 cm sample spacing of this study and appears to have been a result of sample aliasing.
What are likely processes that could have triggered the short-term warming in the deep sea at high latitudes? Stott and Kennett (1990) suggested that the abrupt high-latitude warming near the end of the Maastrichtian may have resulted from changes in the carbon cycle. The abrupt decrease in surface productivity at 65.55 Ma at 996 GEOLOGY, November 1998 Site 525, as suggested by decreased ∆δ 13 C, implies that increased atmospheric pCO 2 is the most likely cause for the short-term warming. Deccan Trap volcanic degassing may have contributed significantly to the increased pCO 2 at this time. The major Maastrichtian Deccan Trap volcanic eruptions occurred in the lower part of Chron 29R, apparently coincident with the shortterm warming at Site 525 (Courtillot et al., 1988 (Courtillot et al., , 1996 Jaeger et al., 1989; Baksi et al., 1994; Bhandari et al., 1995) . However, climatic effects observed at Site 525 with major warming in IWTs and only minor warming in SSTs, though accompanied by high climatic variability, do not suggest the expected response of a greenhouse effect-namely the global warming of both surface and deep waters. The observed SSTs at Site 525 and published data from low latitudes (Zachos et al., 1989) seem to support the cool tropics in the latest Cretaceous proposed by D' Hondt and Arthur (1996) . This scenario is also suggested by the latitudinal SST gradient between Site 525 (36°S) and Site 690 (~65°S), which suggests a 33% decrease (from 0.18 to 0.12°C per 1° of latitude, Table 1 ) between the late Maastrichtian cooling (TS1) and the subsequent warming (TS2), followed by a 17% increase to 0.14°C per 1° of latitude during the end-Maastrichtian cooling (TS3). These data suggest significantly enhanced poleward heat transport during the short-term warming in TS2.
Paleoceanographic Implications
To evaluate changes in intermediate-water circulation, we estimated the paleodensity based on the model of Railsback et al. (1989) , assuming a mean salinity of 34 parts per thousand (ppt) and the same salinity throughout the water column for the interval of TS3. Mean δ 18 O values are used in this study (e.g., for specific intervals labeled TS1-TS3, Fig. 3 ) to avoid measured margin errors for single samples (TS1: n = 21; TS2: n = 34; TS3: n = 12).
Results show that intermediate-water signals in TS2 are significantly different from those in TS1 and TS3 (Fig. 3) . The δ 18 O of A. acuta indicates that the cool intermediate waters in TS1 were replaced by a 2.4°C warmer and 1.6 ppt saltier and denser water mass during the shortterm warming in TS2. During the cooling at the end of the Maastrichtian (TS3), this warmer, saltier, and denser intermediate water mass was replaced by a cooler, lower-salinity, and lowerdensity water mass with values close to TS1 (Fig. 3) . These data suggest a different intermediate-water source during the short-term warming in TS2, which may have originated from shallow platform regions in low to middle latitudes. The switch from a high to a lowmiddle latitude source for the intermediate water mass during the climatic warming may be related to a eustatic transgression that resulted in increased shallow marginal-sea areas in low and middle latitudes. In contrast, values for surface paleotemperatures, salinity, and density inferred from R. rugosa show no major changes between TS1 and TS2, though they decreased slightly in TS3 (Fig. 3) .
Water-mass stratification generally reflects the stability of the water column in the ocean. A rapid density increase with depth results in a more stable and well-stratified water column as compared with an inverse density profile. The water-mass structure during the warm event in TS2 is therefore likely to have been more stable as compared to the cool events in TS1 and TS3. This interpretation is also suggested by the low averaged vertical thermal gradient of 2.7°C in TS2 as compared to 4.9°C in TS1 and 3.3°C in TS3. The higher intermediate-water density, warmer temperature, and lower latitudinal SST gradient may have resulted in a sluggish surface circulation during the short-term warming at the end of Cretaceous.
CONCLUSIONS
Climate changes during the last 2 m.y. of the Maastrichtian indicate a relatively cool midlatitude South Atlantic interrupted by a shortterm warming of 2-3°C in IWTs at the base of Chron 29R, though surface temperatures increased only slightly. This short-term warming may have been related to increased atmospheric pCO 2 , increased poleward heat transport, and a switch in the intermediate-water source from high to lower latitudes. During the last 100 k.y. of the Maastrichtian, intermediate and surface waters cooled by an average of 2.1 and 1.4°C, respectively, compared to the maximum warming between 65.32 and 65.24 Ma.
Oxygen isotope records suggest that intermediate waters originated from a lower-latitude warm, saline, dense water source during the short-term warming between 65.45 and 65.11 Ma, and from a higher-latitude cold water source during the cool intervals between 65.72 and 65.50 Ma and 65.10 and 65.00 Ma.
GEOLOGY, November 1998 , density is expressed as σ t = (ρ seawater -1) × 1000, assuming an isohaline water column in TS3 (34 ppt for mean paleosalinity). Note that cool, low-salinity, and lowdensity intermediate-waters in TS1 were replaced by warmer, saltier, and denser waters during short-term warming in TS2; in TS3, the TS2 water mass was switched to a water mass with a temperature-salinity profile more similar to that of TS1. In contrast, surface waters remained relatively unchanged during these three time slices.
